Identifi cation of Pt-based catalysts for propane dehydrogenation via a probability analysis
Introduction
Propylene is one of the most important types of compounds in the chemical industry, which is employed in the production of polypropylene, propylene oxide, acrylonitrile, etc.
1 Due to the scarceness of fossil fuels and the discovery of shale gas, propane dehydrogenation (PDH) is becoming a more promising way to meet the increasing demand of propylene.
2,3 Pt-and Cr-based catalysts are currently used in commercial PDH processes and deliver comparably high initial yields and stability.
2 Compared with Cr-based catalysts, Pt-based catalysts are more environmentally friendly. However, pure Pt suffers from coke formation as well as low selectivity towards propylene. The anti-coking ability and propylene selectivity can be enhanced by alloying Pt with Cu, 1 Sn, 4 Ga, 5 In, 6 Ge, 7 etc. via combined geometric and electronic effects. From the geometric perspective, low coordinated surface Pt atoms such as step sites are more active but less selective. 8, 9 With the addition of Sn, the steps of Pt 3 Sn become inert, because the steps tend to be decorated with Sn, thus they suppress further dehydrogenation of propylene and coke formation. 10 Besides, the surface enriched Sn divides large surface Pt ensembles into small pieces, which can further suppress the C-C scission step, since it normally requires larger Pt ensembles than C-H dissociation. 3 In addition, the electron density of Pt atoms was observed to increase which is induced by charge transfer from Sn to Pt atom. 11 The introduction of Sn downshis the d-band center of surface Pt atoms which lowers the binding strength of propylene, promotes its desorption and results in higher propylene selectivity.
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Although it is generally accepted that the main group metals can give a better selectivity, it is still unclear which element is the optimum choice for the PDH process from a fundamental perspective. With the developments of density functional theory (DFT), the computational screening procedure for heterogeneous catalyst design has become an important technique in recent years. [13] [14] [15] By incorporating linear scaling relationships, e.g. Brønsted-Evans-Polanyi relationships and scaling the relationship between adsorption energies of surface intermediates/transition states, the reaction rates and product selectivity can be mapped from a high dimension space including information of all elementary steps to a simple descriptor space. Then, a volcano plot can be generated for a direct guide to locate the optimal catalyst. [13] [14] [15] Interestingly, the recently developed Bayesian error estimation functional with van der Waals correlation (BEEF-vdW) will generate a large ensemble of variations around the prediction, which can be used to assess the reliability of our screening results. 16, 17 This paper describes a systematic study on the PDH reaction over Ptbased bimetallic alloy surfaces. By combining the scaling relationship with the reliability analysis, we predicted the probability that candidate catalysts display better performance than Pt. We successfully identied that In is potentially better than Sn as an alloy component to improve the PDH performance of pure Pt, and our synthesized PtIn catalyst does show enhanced PDH performance just like the PtSn catalyst.
Results and discussion

Screening of Pt-based catalysts
The well-recognized Pt : X ¼ 3 : 1 (X ¼ 3d metals, 4d metals, Ga, In, Sn) ratio was chosen for the screening. 10, 12, 18 Most of the studies suggested the rst or the second C-H bond cleavage of alkanes to be the rate-controlling step and the energy barrier values are almost the same for the two steps. 2, 8, 9, 12, [19] [20] [21] [22] [23] [24] Thus, the free energy barrier of the rst dehydrogenation step was utilized to represent the activity of the PDH catalyst. Previous studies by Honkala et al. and De Chen et al. have suggested that the relative magnitude between propylene dehydrogenation and propylene desorption can be used to understand the selectivity. 1, 10, 12 We follow a similar idea by applying the difference between C 3 H * 6 desorption free energy barrier and further dehydrogenation free energy barrier from C 3 H * 6 to 1-C 3 H * 5 (a model precursor leading to coke formation) to roughly represent the selectivity. Based on the strategy mentioned above, we tested nearly 30 different bimetallic compounds for the PDH reaction and the results of our screening are illustrated in Fig. 1 . Apparently, the activity (X axis in Fig. 1 ) and selectivity (Y axis in Fig. 1 ) were constrained by an approximately linear relationship, which indicates that the selectivity will decline with the rise of activity. The stronger C 3 H * 7 -Pt interaction will lead to enhanced dehydrogenation activity according to the Brønsted-Evans-Polanyi (BEP) relationship.
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The stronger C 3 H * 7 -Pt interaction accompanies the stronger C 3 H * 6 -Pt and C 3 H * 5 -Pt interactions based on the well-established scaling relationship of adsorption over transition metal surfaces, which leads to a lower free energy barrier of further dehydrogenation on the basis of the BEP relationship. 26 Indeed, a positive correlation has been observed between the free energy barrier of the rst dehydrogenation step and further propylene dehydrogenation free energy barriers (green line in Fig. 2) . Meanwhile, strong C 3 H * 6 -Pt interaction inhibits propylene desorption, which lowers the selectivity towards the target propylene. Therefore, a negative correlation has been observed between the rst dehydrogenation step free energy barrier and propylene desorption free energy barrier (red line in Fig. 2 ). Unsurprisingly, according to the two above-discussed linear relationships, the activity (X axis in Fig. 1 ) and selectivity (Y axis in Fig. 1 ) were constrained by a new approximately linear relationship. In the desired situation, the optimal catalyst has the rst dehydrogenation free energy barrier that is smaller than or at least comparable with that of pure Pt. Meanwhile, a larger difference between the desorption free energy barrier and further dehydrogenation free energy barrier is preferred. If we could accept the loss of the dehydrogenation activity by one order of magnitude compared with pure Pt, i.e. the points on the le of the rate constants k ¼ 10 0 line, Pt 3 In seems to be the optimal catalyst with best selectivity. However, it is hard to judge the optimal PDH catalyst solely based on BEEF-vdW values (data points in Fig. 1 ) due to the intrinsic errors in functionals (GGA level DFT calculations are known to generate errors as large as 0.2 eV). Fortunately, the BEEF-vdW functional could generate an ensemble of exchangecorrelation functionals to evaluate the consequence of an imperfect representation of exchange-correlation effects on the predicted surface chemistry (Section S2 †). 16 The errors were represented by the standard deviation of the 2000 ensemble predictions in Fig. 1 (Table S2 and Fig. S2 †) . Clearly, the error bars on the dehydrogenation barriers expand as large as AE0.2-0.3 eV, corresponding to about 2-3 orders of magnitude on the predicted rate constants. Therefore, we further evaluated the probability of the Pt-based bimetallic alloy surfaces having comparable activity and higher selectivity than pure Pt based on the BEEF-vdW ensemble (points in Fig. 3 ). For example, Y Pt 3 X À Fig. 1 Screening of Pt-based bimetallic alloys for PDH. Fig. 2 Red: relationship between the first dehydrogenation step free energy barrier and the propylene desorption free energy barrier of our screened catalysts. Green: relationship between the first dehydrogenation step free energy barrier and further dehydrogenation barrier of our screened catalysts.
Y Pt < À0.2 and k Pt 3 X > k Pt Â 0.1 (Y: the difference between propylene desorption free energy barrier and further dehydrogenation step free energy barrier of Pt 3 X, k Pt 3 X : the rate constants of Pt 3 X) in Fig. 3 mean Pt 3 X shows better selectivity and acceptable activity. Although it seems a little arbitrary for this criterion, similar trends have been obtained if we set different criteria (Fig. S4 †) . Among all the tested criteria, Pt 3 In was always found to be the top two optimal catalysts (Table S3 †) , which ensures the reliability of our screening result. Previous calculations by Yang et al. suggested that Pt 3 Sn is an optional candidate that lowers the propylene desorption barrier and simultaneously increases the dehydrogenation transition state barrier, consistent with our screening data in Fig. 1 and 3. 12 Moreover, the scaling relationships between the rst dehydrogenation free energy barrier and propylene desorption free energy barrier, between the rst dehydrogenation free energy barrier and further dehydrogenation free energy barrier still hold for the 2000 sets of data in the BEEF error ensemble. So, we can use propylene desorption free energy barrier as a descriptor to quickly estimate the rst dehydrogenation free energy barrier and further dehydrogenation free energy barrier. Then, the probability that the activity and selectivity of a given catalyst, with any propylene desorption free energy barrier, are better than those of pure Pt under given activity and selectivity constraint conditions can be calculated (Scheme S1 in the ESI †), as shown in the tted curve in Fig. 3 . In Fig. 3 , the probability reaches a maximum when the propylene desorption free energy barrier is about À0.2 eV smaller than that of pure Pt. Our calculated Pt 3 X values (points in Fig. 3 ) are almost on the tted curve, indicating that the errors introduced by the scaling relationship are acceptable. Thus, we can estimate the probability under a specied propylene desorption free energy barrier. This can be used to discover more PDH catalysts by choosing a suitable propylene desorption free energy barrier. In order to conrm our screening study, we synthesized SiO 2 supported Pt, PtIn alloy and PtSn alloy (Section S3 †). As shown in Fig. 4 , the propylene selectivity was dramatically increased aer alloying Pt with In or Sn. At the same time, a better stability has been observed for the PtIn alloy compared with the Pt or PtSn alloy, consistent with our screening results discussed above. Note that the higher conversion of PtSn and PtIn alloys might due to the increased number of exposed Pt atoms compared with the Pt only catalyst, although the activity of individual sites is lower on the PtSn or PtIn alloy according to DFT calculations.
PDH mechanism over PtIn alloy surfaces
In the following parts, a more detailed mechanism for PtIn catalysts was explored to conrm our proposal in the screening process. The segregation energies of PtIn catalysts were calculated (Table S4 †) and no segregation phenomena were found for PtIn catalysts. Moreover, an additional global optimization of PtIn catalysts using a genetic algorithm 27 was done to determine the most stable PtIn catalyst structure. The homogeneous bulk alloy was found to be the most stable, which is consistent with the experimental results 6,28 (Section S1 †). Therefore, only homogeneous bulk alloys were taken into consideration. A series of PtIn alloys with different PtIn mole ratios and facets were chosen, i.e. Pt(211), Pt(100), Pt(111), Pt 3 In(211), Pt 3 In(100), Pt 3 In(111), Pt 1 In 1 (111), and PtIn 2 (110) (Fig. S1 †) . Note that previous calculations have proved that the slab surface model can well describe Pt particles larger than about 1.6 nm. 29, 30 In this paper, the step sites of a metal/alloy particle were represented by (211) facets, while the terrace sites are represented by (111) and (100) surfaces (Fig. S6 †) . 23 We chose a relatively simplied reaction network for the propane dehydrogenation reaction via two sequential dehydrogenation reactions (Scheme 1), which is based on the fact that C-C bond breaking needs a deeply dehydrogenated precursor, i.e. propyne (CH 3 CCH*). 8 The surface propylene either desorbs to form gas phase propylene or further Fig. 3 The probability that the activity and selectivity of a given catalyst are better than pure Pt under given activity and selectivity constraint conditions as a function of propylene adsorption energy relative to that of Pt (Y: the difference between propylene desorption free energy barrier and further dehydrogenation step free energy barrier of Pt 3 X, k Pt 3 X : the rate constants of Pt 3 X). (Fig. S1d and e †) .
From Fig. 5a , we can see that the free energy barriers of the rst dehydrogenation step over Pt(211), Pt 3 In(211)_Pt and Pt 3 In(211)_ In (1.84 eV, 2.08 eV and 2.05 eV) are almost the same. Due to the loss of gas phase entropy, the free energy barrier of the rst dehydrogenation step ($2.0 eV) is much higher than the barrier of the second dehydrogenation step ($0.5 eV). The second and further dehydrogenation free energy barriers of Pt 3 In(211)_In (0.67 eV and 1.02 eV) are higher than that of Pt(211) (0.30 eV and 0.41 eV) and Pt 3 In(211)_Pt (0.33 eV and 0.50 eV), which indicates an activity loss and inhibition of further dehydrogenation over Pt 3 In(211)_In compared with that over pure Pt(211). Meanwhile, the C 3 H * 6 desorption free energy over Pt 3 In(211)_In (À0.66 eV) is much exothermic than that over Pt(211) (À0.15 eV) and Pt 3 In(211)_Pt (À0.22 eV), which means propylene desorption is more selective over Pt 3 In(211)_In than that over Pt 3 In(211)_Pt. Because the properties of the two possible surfaces of Pt 3 In(211) vary greatly, the surface energies of the two possible surfaces of Pt 3 In(211) were calculated in order to identify the more thermodynamically stable surface.
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From Fig. S5a , † it can be observed that Pt 3 In(211)_In has lower surface energies in the whole possible range, which means Pt 3 In(211)_In is preferred thermodynamically. This result indicates that the undercoordinated sites of Pt tend to be partially covered by In atoms, which plays a crucial role in elucidating the improvements in propylene selectivity at step edges of a PtIn alloy particle. The situation of (100) facets is almost the same as that of (211) (Fig. S11 †) .
Microkinetic analysis
A microkinetic analysis was constructed to describe the kinetics of the PDH reaction (Section S8 †). 32 In this microkinetic modeling, the steady state is calculated by a time integration method until a steady surface coverage and product pressure are reached. Meanwhile, the model coke precursor (1-C 3 -H * 5 ) reached a thermodynamic equilibrium with C 3 H * 6 at the steady state, according to steady state approximation. As shown in Table 1 , the propylene formation turnover frequency (TOF) of Pt 3 In(211)_In is about two orders of magnitude lower than that of pure Pt(211). Meanwhile, the coverage of the coke precursor of Pt (211) is about ve orders of magnitude higher than that of Pt 3 In(211)_In, which means Pt 3 In(211)_In promotes anti-coking ability to a great extent. We changed the adsorption energy of our model coke precursor to represent the more stable coke precursors. In Fig. S12 , † with the increase of the model coke precursor adsorption energy, the surface was gradually covered by coke. This phenomenon indicates Pt 3 In(211)_In might exhibit a better propylene formation performance than pure Pt(211) under real catalysis conditions due to the slower coke formation over Pt 3 In(211)_In, which enhances the catalyst stability consistent with our experimentally observed enhanced stability of PtIn alloy shown in Fig. 4 . The situations of (100) and (111) facets are almost the same. As mentioned above, a small PtIn particle was assumed to be cuboctahedra dominated by low coordinated edge sites represented by (211) facets. Although the addition of In decreases the reactivity, the benet brought by the selectivity nally leads to the increment in propylene formation performance at the PtIn ratio of 3 : 1. Taking a higher proportion of In into consideration, Pt 1 In 1 (111) may have a good control of coke formation, but the propylene formation TOF is about several magnitudes lower than that of pure Pt and Pt 3 In alloy. The benet brought by the decrement of the coke precursor may not compensate for the loss of activity. Taking all the potential energy analysis, free energy analysis and microkinetic simulation analysis into consideration, a conclusion could be made that the Pt 3 In catalyst may show the highest propylene formation performance under real reaction conditions. Based on the data from microkinetic analysis, the degree of rate control was calculated to identify the rate-controlling step. 33, 34 The rate-controlling step is dened as a non-zero X RC , which can be more than one elementary step. The larger the X RC is, the more rate-controlling the elementary reaction is. From Table 2 , the rst dehydrogenation step was found to be the most rate-controlling step on almost all the facets.
Nature of In addition
With the addition of In, both geometric and electronic effects are introduced. As discussed in Section S4 and Table S6 , † the geometric effect of In is attributed to the creation of separated Pt atoms, which leads to the transformation from strong di-s propylene adsorption mode to weak p adsorption mode. Moreover, the In atoms will cover low coordinated Pt atoms that tend to cause further dehydrogenation. This conclusion is proved by our results of surface energy and PDH mechanism calculations that step sites of thermodynamically preferred Pt 3 In(211) are covered by In atoms and Pt 3 In(211)_Pt prefers further dehydrogenation. As to the electronic effect of In, Fig. 6a shows that the d-band lling and charge density of surface Pt atoms increase with the addition of In atoms on different facets corresponding to the results of L III -edge X-ray absorption near edge structure (XANES). 6, 35 To gain a better understanding of the role of In in changing the adsorption and catalytic properties of surface Pt atoms, we correlated the propylene p adsorption energy with the d-band center in Fig. 6b and found a good correlation. The lower the d-band center, the weaker the propylene adsorption energy. The addition of In lowers the dband center of surface Pt and facilitates the desorption of propylene. Meanwhile, it brings a loss of catalytic activity for the PDH reaction.
Conclusions
In summary, probability-based screening has been performed for the propane dehydrogenation reaction to overcome the shortcomings of the traditional computational screening process and the result shows that the PtIn catalyst is an optimal catalyst candidate among all the tested alloys. Furthermore, the uncertainty was estimated to ensure reliability when searching for an optimal catalyst and the PtIn catalyst was found lying in the ideal region all the time. Then, free energy analysis and microkinetic analysis were introduced gradually to elucidate the mechanism of propane dehydrogenation reaction. A tiny loss in catalytic activity and an excellent improvement in selectivity were found when the ratio of PtIn was 3 : 1. When it comes to higher PtIn ratios, Pt 1 In 1 and PtIn 2 will suffer great loss in activity. The rate-controlling step turned out to be the rst dehydrogenation step on most of the facets. The geometric role of In is not only separating the Pt atoms, but also covering the step Pt atoms while the electronic effect can be attributed to the electron transfer from In to Pt. The adsorption of propylene was found to play a key role in PDH activity and selectivity from our volcano plot and the d-band center shows great correlation with the propylene p adsorption energy, which means the d-band center can be used to seek a more precise PtIn ratio for the PDH reaction in the future.
Methods
Vienna ab initio simulation package (VASP) was used to perform calculations with the BEEF-vdW exchange-correlation functional. 17,36-38 Valence electrons were described by using a planewave basis set with the cut-off energy of 400 eV. Meanwhile, core electrons were treated using the projector augmented-wave (PAW) method. 39 The Monkhorst-Pack k-point grid was used to sample the Brillouin zone of the surface (Table S1 †) . 40 The electronic occupancies were determined according to the Methfessel-Paxton scheme with an energy smearing of 0.15 eV and the total energies were evaluated by extrapolating to zero broadening. The dipole correction was included in the direction perpendicular to the slab surface. The four-layer slab was built with top two layers relaxed and the size of the slab is provided in Table S1 . † All structures were optimized until the force on each atom was less than 0.02 eVÅ À1 .
It should be noted that the BEEF-vdW exchange-correlation functional provides a quantitative description of van der Waals interactions between molecules while maintaining accurate chemisorption energy. Moreover, a large (2000 for this work) ensemble of variations around the BEEF-vdW prediction will be generated aer the self-consistent DFT calculations, which can be used to assess the reliability of DFT calculations. 16, 17, 41 In the global optimization using the genetic algorithm (GA), we optimized the structure and evaluated the associated total energies for all the possible sites found for In atoms. The GA started with an initial generation for which a population of 20 members is selected. The structures were relaxed. Aer each generation, the resulting total energies were classied from the lowest to the highest and the most stable systems were selected. For the same 20 population as in the initial generation, the most stable structures in all generations were selected to be the survival of the ttest. In order to increase the possibility of passing the structural information from the more stable structures, the parent structure was chosen according to roulette wheel selection using an exponential tness function with a ¼ 3.
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The transition states of the reactions were determined by either the climbing nudged elastic band method or the dimer method. 42, 43 It was ensured that the optimized structure of the transition state had only one imaginary frequency.
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